A new method which allows assembly of carbon nanoparticles (CNPs) into predesigned patterns by using optically induced dielectrophoretic (ODEP) force is presented in this study. Theoretical analysis of ODEP working principle and operational regimes are investigated.
I. INTRODUCTION
The application of many nano-materials with unique characteristics continues to steadily increase in a variety of fields and has made substantial impact. Among them, carbon nano-materials, such as Carbon Nanotubes (CNTs) and fullerene, have attracted considerable interest for a variety of applications including nanoelectronics, nanosensors and field emission devices. Moreover, CNPs with small sizes (<100 nm) and unusual surface chemistry have shown great promise for industrial and biomedical applications, such as detecting protein tumor markers [1] and commercial micro-printing. However, effective manipulation, assembly, and screening of CNPs to maximize safety and target specificity remain a significant challenge due to their extremely small size and unique properties. Nevertheless, recently, CNPs with ~5 nm diameter have been successfully assembled between Au microelectrodes by using DEP technique [2] .
Although existing manipulation techniques (i.e., AFM, optical tweezers, and DEP) can perform sorting and transporting of nanoparticles, a generalized technique that enables flexible and massively parallel manipulation of nanoparticles remains illusive. Moreover, these conventional techniques must be equipped with expensive components (i.e., AFM probe-tips, high optical power lamp and micro-fabricated metal electrodes), which increase the cost and complexity of the experimental setup.
Alternatively, optoelectronic tweezers have been demonstrated to be an enabling technology for trapping, transporting, and sorting cells, microparticles and nanoparticles, with many advantages including non-invasive, low-power, and parallel manipulation [3] . Recently, it has been reported that gold nanoparticles with a diameter of 90 nm could be patterned by ODEP technique to cover an area of 0.025 mm 2 [4] . However, no experimental results of patterning CNPs using optically induced DEP force have been reported yet, to the best of our knowledge. In this study, we demonstrate the usage of ODEP technique for the manipulation and assembly of 50 nm CNPs. In this paper, we will show that ODEP based nanoparticle manipulation allows a highly-effective, low-cost, reconfigurable, and parallel approach for manipulating and assembling nanoparticles.
II. THEORETICAL ANALYSIS
Working principle of ODEP chip The schematic illustration of ODEP chip is shown in Fig. 1 . The chip consists of a top indium-tin-oxide (ITO) coated glass and a bottom ITO glass coated with 1 µm amorphous silicon layer. A double-sided tape with the thickness of approximately 25 µm is used to connect the top and bottom ITO layers. A solution containing samples is then injected into the gap. An AC bias is applied across the top and bottom ITO layers to generate non-uniform electrical field. Initially, when there is no light illumination projected onto the bottom ITO glass, the majority of the AC bias drops across amorphous silicon layer due to its high electrical impedance. However, upon an optical image illumination, the
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978-1-4577-0156-6/11/$26.00 ©2011 IEEE Transducers'11, Beijing, China, June 5-9, 2011amorphous silicon layer's conductivity is increased by several orders of magnitude due to the generated electron-holes pairs. As a result, a localized non-uniform electric field is generated above the illuminated region in the liquid layer. The particles in the medium thus experience an attractive or repulsive DEP force due to the induced electric dipoles. Hence, as the optical patterns are projected onto the ODEP chip, they function as the microelectrodes to induce DEP force, and thus are referred to as "virtual" or "dynamic" electrodes. Therefore, the nanoparticles can be manipulated through these "virtual" electrodes generated by a commercially available projector. The time-average DEP force exerted on particles can be described as:
where F dep represents the time-averaged DEP force acting on the particle, a is the particle radius, is the real part of CM factor, which has a value between +1.0 and -0.5 for spherical particles. Depending on this value, the particles can either be attracted to or repelled from the strong electric field, which is called positive DEP or negative DEP, respectively.
Equivalent circuit of ODEP chip
In the ODEP device, the application of an electrical potential on an ionic fluid results in the formation of the Electrical Double Layer (EDL). A slip velocity of ions in this layer can be produced when a tangential electric field component act on the EDL. And the slip velocity can be defined by [5] :
where ε is the permittivity of the liquid, ζ is the zata potential, E t is the tangential electric field, and η is the fluid viscosity. Details of Eq. (3) above and Eq. (4) below are discussed in [6] . In order to reduce the effect of light induced electroosmosis caused by the slip of ions, an equivalent circuit of ODEP chip is modeled. As illustrated in Fig. 2 , the liquid layer and amorphous silicon layer are treated as a parallel connection of a resistor and capacitor, which values depend on the thickness and conductivity of the respective layers. Moreover, the electric double layer is treated as a simple parallel plate capacitor, which has its capacitance dependent on its thickness. And the thickness is the function of the liquid conductivity. This relationship, described by Bouy-Chapman theory, is governed by the following equation [7] :
where σ m is the liquid conductivity, µ m is the bulk ion mobility, z is the number of the valence electrons of ion (e.g., 1 for Na + ), e is the charge of an electron, k B is the Boltzmann's constant, and T is the temperature. We assume that σ m = eµ m n 0 , where n 0 is the bulk ion concentration. Fig. 3 shows the dependence of the EDL thickness on the liquid conductivity. The result indicates that the EDL thickness in the high-concentration solution is smaller than that in low-concentration solutions. For a 0.01 S/m solution the calculated EDL thickness is approximately 30 nm. 
AC frequency Range for ODEP manipulation
According to the working principle of ODEP device, majority of voltage drops across the liquid layer upon light illumination. However, in a more realistic model, some of the voltage may drop across the amorphous silicon layer or the EDL, thus decreasing the electric field strength and the DEP forces induced in the liquid layer. To solve this issue, the AC frequency range should be carefully selected for ODEP manipulation. Fig. 4 shows the calculated electric impedance of the liquid layer, amorphous silicon layer, and EDL layer in the ODEP chip, using the following parameters: the DI water and amorpshous silicon have dielectric constant of 78 and 11, respectively. The conductivity of the electric double layer is assumed to be negligible. The dark conductivity and photo conductivity of the amorphous silicon are measured to be 1×10 -11 S/m and 1×10 -4 S/m, respectively. The thickness of the liquid layer is measured to be 25 μm, depending on the thickness of connecting double-sided tapes. Hence, the thicknesses of EDL are estimated to be 25 nm, 10 nm, 2 nm and 0.8 nm for solutions with conductivity of 1 S/m, 0.1 S/m, 0.01 S/m, and 0.001 S/m, respectively.
The effective manipulating area of the ODEP chip is assumed to be 250 μm 2 . Note that the impedance of the liquid solutions with conductivities from 1 mS/m to 1 S/m is also shown in the figure. To avoid the leakage of the electric field into the liquid layer in the dark state, the dark impedance of amorphous silicon layer must be several orders of magnitude larger than that of the liquid layer. For a solution with a conductivity of 0.01 S/m, the dark impedance curve of amorphous silicon intersects with solution curve at a frequency of 100 kHz, which indicates the particles suspended in solution can be manipulated when applying AC frequency below this value. However, the AC frequency must be high enough to avoid the applied voltage droping across the electric double layer, which will result in production of the electro-osmotic flows. As specified in Fig. 4 , the impedance curve of 0.01 S/m solutions intersects the EDL curves with a thickness of 10 nm at a frequency of 200 Hz. However, electrolysis will occur when the frequency is lower than 1 kHz. Apparently, for a 0.01 S/m medium, the optimal frequency window for micro/nano entities manipulation is between 1 kHz and 100 kHz.
Actually, our experimental experience demonstrates that, for nanoparticles (<100 nm) manipulation, the optimal frequency window of ODEP operation is between 1 kHz and 10 kHz.
III. EXPERIMENTAL RESULTS

Sample preparation
The CNPs with a mean diameter of 50 nm used in this study are prepared from the commercial ink-jet ink (Hp-45, C51645A). The original ink was firstly diluted 1000 times in DI water so that the electronic conductivity of the final solution was around 6.8 μS/cm. Experimental setup Fig. 5 shows a schematic illustration of the experimental setup for CNPs manipulation. A DMD projector (NEC NP41+, Japan) with a standard resolution of 1024×768 is used to induce electron-hole pairs generation in amorphous silicon layer. A condenser lens (Nikon, MS Plan, 50×) is used to focus and collimate the patterned image onto the ODEP chip. An ODEP microfluidic chip containing CNPs solutions is fixed on a 3D moveable platform, a microscope (Hirox KH 7700, Japan) is used to realize real-time observation of the manipulation process, and animator software (FLASH) to generate arbitrary geometry optical patterns. Additionally, an AC bias, with a frequency of 5~10 kHz and magnitude of 10~20 Vpp, supplied by a function generator (Tektronix, AFG 3022B, USA) is applied across the top and bottom conductive layers of the ODEP chip. Then the solution containing CNPs can be injected into the ODEP chip. The CNPs thus could be focused at the locations of the projected optical image due to attracting DEP force. By using different light patterns, various operations such as transporting, concentrating, and patterning of nanoparticles can be realized. 
ODEP based Patterning of CNPs
CNPs can be pattered into any geometric forms using the ODEP system developed by our group. Initially, CNPs are distributed randomly in the DI water between the ODEP gap. Then the pre-designed optical patterns (using FLASH animation software) are projected onto the chip, as shown in Fig. 6 (a) . After 15 s, the dispersed CNPs are collected to form different geometries (i.e., angle, rectangle) with a line width of ~7 μm (as specified in Fig. 6 (c) ) and cover an area of 0.25×0.25 mm 2 , as shown in Fig. 6 (b) . In order to measure the thickness of deposited CNPs patterns, the upper ITO glass is removed and the solution in the gap is blow-dried, then the patterns are scanned by AFM (the AFM image is shown in Fig. 6  (c) ). As can be seen in Fig. 6 (d) , the thickness of these deposited patterns composed of CNPs is approximately 150 nm, which means three-layer CNPs are collected to form the patterns. Therefore, this ODEP platform provides an effective approach for building 3D nano-structures, which is essential for the application of fabricating nano-material based sensors and FETs. Also, as shown in Fig. 7 (a) and (b) , a 16×16 array with a coverage area of 0.3×0.3 mm 2 is deposited with CNPs. Fig. 7 (a) shows that the optical pattern is illuminated onto the ODEP chip, and Fig. 7 (b) shows the deposited CNP pattern after the upper ITO glass is removed and the solution is blow-dried. The average diameter of the points is ~8 µm and the space between two neighboring points is ~15 µm. 
IV. CONCLUSIONS
CNPs with ~ 50 nm diameters have been prepared and successfully assembled to form 3D arbitrarily patterned nano-structures with a height of ~150 nm and width of ~7 µm. A 16×16 CNPs point array with a coverage area of 0.4×0.4 mm 2 , is deposited by this ODEP platform as well. Moreover, the experimental parameters, especially AC frequency range for ODEP manipulation, have been systematically investigated. The best AC bias, with a frequency of 5 kHz and magnitude of 10 V pp , is found to be very effective in manipulating CNPs. Experimental results indicate that this ODEP platform is a fast and reliable technique for assembling CNPs in the application of nano-device assembly and micro-printing. 
